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Seed longevity is a key trait to secure seed viability and vigor of farmer’s seed lots under the increased tem
peratures and humidity associated with climate change. While previous studies have found quantitative trait loci
(QTL) for improved longevity in temperate japonica rice varieties, there are no available QTL identified that can
potentially enhance seed longevity in tropical japonica rice, which are grown in ASEAN countries and highly
vulnerable to the impact of climate change. Here, we present QTL and candidate genes identified in an F3 biparental QTL mapping population developed from a tropical japonica × indica cross, using 1 k single nucleo
tide polymorphism (SNP) markers. To accelerate seed ageing through a seed storage experiment, seed moisture
content (MC) was elevated by equilibrating seeds at 60 % relative humidity (RH) and 20 ◦ C, after which seeds
were stored at 10.9 % seed MC and 45 ◦ C for 56 days. Within a QTL identified on chromosome 2 (2.9 Mb size),
there were 45 annotated genes potentially relevant to seed longevity mechanisms such as oxidative stress
reduction and repair of damaged DNA. Within the QTL, the preponderance of genes expressed largely in
reproductive tissues, seeds or embryo make this a dependable QTL. Based on coexpression and network analysis,
we highlight eight genes as potentially important candidate genes, consistent with previous studies suggesting
their role in seed germination and longevity.

1. Introduction

temperate japonica with aus or indica varieties [9,10], hence the loci
identified in these studies are associated with differences in seed
longevity between two extreme sub-groups. Currently available loci are
therefore inappropriate to enhance the seed longevity of other
sub-groups, in particular the tropical japonica sub-group for which
longevity is intermediate between temperate japonica and aus/indica
[11]. Since tropical japonica varieties are grown in ASEAN (The Asso
ciation of Southeast Asian Nations) countries under tropical weather
conditions, they are highly vulnerable to climate change impact. The
aim of this study was to identify quantitative trait loci (QTL) associated
with improved seed longevity in a tropical japonica × indica rice
population.

For seed stored under ambient conditions, climate change-induced
hot and humid weather could lead to a more rapid decline of seed
viability and vigor [1], which leaves farmers vulnerable in terms of seed
security. This will in turn threaten farmers’ incomes since reduced
viability leads to poorer crop establishment and lower yields, and
increased seed quantities must be stored to secure adequate numbers of
viable seedlings to counter this adverse impact. In regions where
direct-seeding is becoming more prevalent, lower seed vigor can
significantly reduce the number of viable seedlings during crop estab
lishment, and the impact is exacerbated under unfavorable crop envi
ronments [2,3]. While the duration of seed longevity varies between
species, it can also vary within a species [4,5]. In the case of rice, aus and
indica varieties possess greater seed longevity in comparison with other
sub-groups, especially temperate japonica, which has relatively short
seed longevity [6–8]. Given this fact, most genetic studies on rice seed
longevity have used mapping populations derived from crossing

2. Materials and methods
2.1. Plant materials
Azucena (IRGC 117264) [12] is one of the most popular tropical
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japonica varieties due to traits such as aroma and excellent eating
quality but its seed longevity is relatively low, with a p50 (days for
viability to fall to 50 % at 45 ◦ C and 10.9 % moisture content (MC)) of
27.7~28.0 d [4, Lee et al., unpublished data obtained in 2018]. Azucena
was crossed with Icta Motagua (IRGC 125968) [13], an indica variety
with a much greater seed longevity p50 of 49.1 d [8] as measured on seed
grown at the Zeigler Experimental Station of the International Rice
Research Institute (IRRI) in the 2017 wet season. During the entire crop
growth period, mean temperature and rainfall per day were 28.3 ◦ C and
9.4 mm, respectively.

population for seed longevity testing in order to secure sufficient seed
quantities for the next breeding steps. Phylogenetic analysis based on
the constructed SNP data set classified the 120 F2 lines into three groups,
i.e., Icta Motagua-type (n = 45), Azucena-type (n = 33), and interme
diate (n = 42) (Supplementary Fig. S2). We selected a core set of the
mapping population (45 F2:3 lines) with sufficient amount of seeds,
which could represent the mapping population. The core set was
composed of 14 Icta Motagua-type lines, 14 Azucena-type lines, and 17
intermediate (a mix of SNPs derived from Azucena and Icta Motagua)
lines. All markers polymorphic in the full set of 120 lines were also
polymorphic in a core set. Moreover, the allele frequencies of markers
were very similar between two sets and did not exhibit bias (Supple
mentary Fig. S3).

2.2. DNA extraction and marker selection
A total of 120 lines from an F2 mapping population were selected for
genotyping analysis. DNA was extracted from leaves of F2 plants
collected at 21 days after transplanting (DAT) using the sbeadexTM mini
plant kit following the procedure described by Thomson et al. [14].
Single nucleotide polymorphism (SNP)-genotyping was carried out
using the Infinium RiceLD 1 K SNP chip at the genotyping service lab
oratory (GSL) of IRRI. Of the 1,000 SNP markers which were specifically
selected to maximize polymorphisms in indica-japonica crosses [15], a
total of 456 markers were polymorphic between the two parents (Sup
plementary Fig. S1). The samples were grouped using hierarchical
clustering implemented in ‘hclust’ function in R v. 4.0 (R software,
Florida, United States), with parameters method=”average” (corre
sponding to unweighted pair group method with arithmetic mean
(UPGMA)) [16]. The genotypic data was used to compute allele fre
quencies of the markers across the full set and across core set, which
were plotted against each other using R package “ggplot2” (Wickham)
[17]. Allele frequencies for each marker were computed using
non-missing genotypes by the formula

3.2. Variation in seed longevity
Variation in seed longevity (p50) of F2:3 lines followed a normal
distribution (Shapiro-Wilk’s normality test) and ranged between 2.24
and 40.03 d with an average of 19.87 d (Fig. 1a). Lines with poor seed
longevity tended to have steeper slope (-σ− 1) in their seed survival
curves in comparison with high seed longevity lines. For example, SPL103-107, one of the poor seed longevity lines (p50: 18.55 d) and SPL-103092, one of the high seed longevity lines (p50: 32.54 d) had -σ− 1 values of
− 0.141 and − 0.079 d− 1, respectively (Fig. 1b).
3.3. QTL analysis
The CIM analysis using 456 informative SNP markers detected one
putative QTL controlled by marker C2M35 on chromosome 2 with an
LOD (logarithm of the odds) score: 2.1 (or converted P value: 9.36E – 04)
and R2: 18 % (Fig. 1c). The physical QTL position interval between two
flanking markers (C2M34 and C2M36) was 2.9 Mb (Fig. 1d). Based on
haplotype analysis, the allele derived from the parent with high seed
longevity (Icta Motagua) was associated with seed longevity of the
mapping population. Seed longevity of genotype group 1 with the allele
from Icta Motagua (average p50 value: 23.22 d) or genotype group 3
(heterozygous; average p50 value: 21.52 d) were higher than that of
genotype group 2 with the allele from Azucena (average p50 value: 12.21
d).

f = (Naa + 0.5 ∗ NAa )/(NAA + NAa + Naa )
Where Naa , NAa , NAA are the counts of genotypes aa, Aa, AA for a given
marker, where a denotes an Azucena-type allele and A denotes the Icta
Motagua type allele. Then the minor allele frequency (MAF) was
computed as MAF = min(f, 1 − f).
2.3. Seed longevity phenotyping and QTL mapping

3.4. Candidate gene selection

F2 derived F3 seeds (F2:3) were harvested at 40 days after flowering
(DAF) when the initial seed quality was maximized in our previous
studies [4,8] and immediately dried at 15 ◦ C, 15 % relative humidity
(RH). To conduct the seed storage experiment (SSE), after seed MC
equilibration at 60 % RH in a climate test chamber (Model VC3 0034-M;
Vötschtechnik, Germany), seeds were transferred to heat-sealed
aluminium foil bags and placed at 45 ◦ C. Samples were taken weekly
up to 56 days. For each sample, 10 seeds (5 seeds × 2 replicate) were
placed on two layers of Whatman No. 1 filter paper with 7 mL of distilled
water in each of two 90-mm-diameter Petri dishes and then germinated
at 30 ◦ C with 12 h light per day. We considered that any seed that
sprouted a primary root and shoot up to 2 weeks after sowing was
considered a normal seedling. Germination data were analysed by probit
analysis in GenStat v. 18 (VSN International, Hemel Hempstead, UK).
The histogram of phenotype data was expressed using OriginPro 2020
(OriginLab, Massachusetts, USA). For QTL mapping, composite interval
mapping (CIM) was performed using QGene v.4.4 (Kansas State Uni
versity, Manhattan, USA).

Using the genome sequence database [18], we identified 418 genes
in the QTL region comprising of 232 annotated, 102 expressed, 66
(retro)transposon and 18 hypothetical genes. Based on ontology with
networking genes by RiceNet v2 which uses the algorithms to infer
co-functional links from gene neighborhoods [19], 45 annotated genes
were potentially relevant to seed longevity mechanisms such as DNA
repair and oxidative stress reduction (Supplementary Table S1). Ac
cording to the Bio-Analytic Resource for Plant Biology (BAR) database
providing transcriptomic, protein-protein interaction, and promoter
data collected from 15 plant species, [20,21], those genes were
expressed during the embryo maturation stage.
4. Discussion
Vales et al. [23] and Li et al. [24] reported the statistical comparison
between core sets and original mapping population and argued that the
large-effect QTL can be efficiently detected using a small population.
The accuracy of QTL analysis tended to increase when the marker
density was higher and/or the large-effect QTL with phenotypic vari
ance explained (PVE) was over 10 % [24]. In our study, we used a
high-density marker set composed of 1,000 SNP markers and identified a
single large-effect QTL with PVE 18 %. The MAF was also very similar
between a core set and original population. Therefore, it was considered
that a core set well represented the total set.

3. Results
3.1. A core set for phenotyping
As the fertility rate was not high due to significant genetic differences
between the parents, we carefully chose a core set of the mapping
2
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Fig. 1. Mapping of quantitative trait loci associated with seed longevity of the F3 mapping population of Azucena/Icta Motagua. (a) Distribution of seed longevity of
the mapping population. Filled and unfilled arrows indicate the seed longevity value of Icta Motagua and Azucena, respectively. Red distribution curve fitted the
peaks from the result of frequency count; (b) comparison of seed survival curves between SPL-103-107 with low seed longevity (red plots) and SPL-103-092 with high
seed longevity (blue plots). Probit analysis fit the Ellis and Roberts (1980) viability equation [22]: v = Ki – p/σ, where ν is the viability in normal equivalent deviates
(NED) after p days storage, Ki is the initial viability (NED) and σ is the time it takes for viability to fall by 1 NED; (c) composite interval mapping (CIM) graph of seed
longevity; and (d) allelic effects on phenotype trait. Position interval (Mb) was the distance between locations of two flanking markers. (Legend: Green-derived from
Icta Motagua; yellow-derived from Azucena; grey-heterozygous).

Seed longevity, a critical trait for genebanks to conserve plant ge
netic resources during long-term storage, is also very important for
farmers to ensure crop productivity as it governs seed germination and
seedling vigor [25]. In addition to the environmental aspects such as
temperature, moisture and light, complex genetic factors (e.g., seed coat
characteristics, hormonal balance, antioxidant capacity, nucleotide
integrity) determine seed longevity [26,27]. To genetically enhance the
seed longevity of tropical japonica rice varieties, we identified a
potentially useful QTL derived from Icta Motagua on chromosome 2
(Fig. 1c, d) and analyzed genes underlying this locus. While further work
such as fine-scale QTL mapping is required to narrow down the initial
QTL interval [10], our analysis using the rice genomic and tran
scriptomic resources identified several interesting candidate genes that
are potentially involved in mitigating oxidative stress and securing DNA
integrity.
Scavenging reactive oxygen species (ROS) is pivotal for seed
longevity as oxidative stress is the key factor deteriorating seed viability
during storage [25,26]. Among the 45 genes in the chromosome 2 QTL
regions with the assigned network gene ontology related to oxidative
stress response/reduction (Supplementary Table S1), genes encoding
thioredoxin (Os02g0639900) and glutaredoxin (Os02g0646400) are
particularly interesting as previous reports showed that these redox
proteins affect seed development and germination (Table 1). For

example, thioredoxin in barley and wheat promotes germination by
altering the seed storage protein properties [28,29]. As for glutaredoxin
(GRX), studies in rice demonstrated that a CPYC-type GRX encoded by
OsGrxC2.2 and a CC-type GRX encoded by PHS9 affect germination by
regulating early and late embryogenesis, respectively [30,31]. Châtelain
et al. [32] reported a similar seed longevity mechanism in Medicago
truncatula. Oxidative stress damage in seed tissue was reversible through
the action of methionine sulfoxide reductases (MSRs), hence seed
longevity could be significantly improved by the initial MSRs activity in
matured seeds. Genes encoding APETALA 2 (AP2) domain containing
protein (Os02g0655200, Os02g0657000) are also of interest as previous
studies reported that ABI4 and OsAP2-39 encoding AP2 domain family
transcription factors in Arabidopsis and rice, respectively, are involved
in ABA-GA antagonism during seed development and germination
[33–35]. Dehydrins play an important role in seed maturation during
late embryogenesis [36] and knock-out of the dehydrin genes in Ara
bidopsis results in reduced seed longevity [37]; a gene encoding dehy
drin (Os02g0669100) resides in the chromosome 2 QTL from our study.
Maintaining DNA integrity during storage is also critical for seed
longevity [25,26]. Among 11 genes with the assigned ontology of DNA
damage/repair (Supplementary Table S1), a gene encoding a kinesin
motor domain containing protein (Os02g0645100) is of interest as a
dominant-negative mutant of KIN14h, an Arabidopsis gene encoding
3
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seed germination [49] and among them the Clp and FtSH proteases are
less well known. The QTL contain genes for both these proteases, which
are chloroplast proteases and affect plastid development during
embryogenesis. The Clp proteases were suggested to have a role in
germination [50,51].
Previous studies using temperate japonica × indica populations
revealed that qLG-9 containing ‘TPP7’ gene encoding trehalose-6phosphate phosphatase 7 (known to be involved in anaerobic germi
nation tolerance) conferred high seed longevity in elite temperate
japonica varieties [10,52,53]. However, current work using a tropical
japonica × indica population did not detect any significant SNP in the
qLG-9 region. In the case of indica rice, a large deletion in TPP7 was
present in many varieties, hence this gene did not play an important role
in seed longevity extension [8,53]. Based on these aspects, we speculate
that there are subgroup-specific mechanisms on seed longevity in rice.

Table 1
List of a priori candidate genes associated with seed longevity (p50) of the F2:3
mapping population of Azucena/Icta Motagua.
No.

Locus ID

Position

Annotationa

Network gene
ontology

1

Os02g0639900

Thioredoxin

2

Os02g0645100

25683601 25679712
25978887 25972448

Oxidation
reduction
DNA repair

3

Os02g0646400

26031508 26033900

4

Os02g0647900

5

Os02g0655200

26079797 26085572
26456450 26457994

6

Os02g0657000

7

Os02g0669100

8

Os02g0676400

Kinesin motor
domain containing
protein
OsGrx_C3 glutaredoxin
subgroup I
Aldehyde
dehydrogenase
AP2 domain
containing protein

26550915 26552218
27166898 27165434

AP2 domain
containing protein
Dehydrin

27591163 27593013

MATE domain
containing protein

Oxidation
reduction
DNA repair
Response to
oxidative
stress
Oxidation
reduction
Response to
oxidative
stress
DNA repair

5. Conclusions
This study forms the first report of QTL associated with seed
longevity in tropical japonica rice, while previous studies focused on
temperate japonica rice. As climate change impact significantly
threatens seed viability under on-farm storage under tropical weather
conditions, it is urgent to improve the seed longevity of elite tropical
japonica rice varieties. Within the major QTL on chromosome 2, we
identified candidate genes relevant to known seed longevity mecha
nisms, in particular to antioxidant and DNA repair capacities. The po
tential multi-gene functionality of the QTL challenges established
wisdom of a cardinal gene underpinning a QTL but such strategic and
innovative research avenues are necessary to be explored for efficient
utilization of the genetic resources [54].

a
Based on previous transcriptome analysis [20,21], candidate genes were
expressed during embryo maturation stage.

KP1 (Kinesin-like protein 1) that regulates seed respiration, showed
increased germination rate [38]. In rice, a null mutant of OsALDH7
encoding Aldehyde Dehydrogenase7 showed reduced germination rate
after accelerated aging [39], suggesting a gene encoding ALDH
(Os02g0647900) as an interesting candidate. DNA ligase-mediated
rejoining of single- and double-strand breaks was shown to be a key
mechanism to maintain seed quality and longevity in Arabidopsis [40].
Finally, a gene encoding a multidrug and toxic compound extrusion
(MATE) domain containing protein (Os02g0676400) provides an
interesting target for future study as reports showed that TT12 and
MATE1, the MATE proteins in Arabidopsis and Medicago truncatula,
respectively, are involved in the biosynthesis of proanthocyanidin, and
the Arabidopsis null mutant tt12 demonstrates a reduced dormancy
phenotype [41–43].
Righetti et al. [44] revealed that pathogen resistance genes are
closely linked with seed longevity in Medicago truncatula. Indeed,
pathogens such as fungi have been long considered as a common
constraint in seed germination in both laboratory and field [45]. How
ever, in our previous [8] and current studies, we did not detect any
pathogen defense-related genes. While ‘accelerated ageing’ (AA) or
‘controlled deterioration’ tests (CD) used in other studies require high
RH and temperature, ‘seed storage experiments’ (SSE) used in our
studies was carried out at lower MC and a range of cool-high tempera
tures [46]. SSE conditions are therefore not ideal for pathogen growth.
The expression pattern of the 45 genes shortlisted as potential
candidate genes (Supplementary Table S1 including a priori candidate
genes in Table 1) provides a very strong evidence for the possible utility
of the identified QTL region. More than 72 % genes at the QTL were
preferentially expressed in the reproductive tissue of panicle, inflores
cence, seed, husk, embryo. More importantly, nearly 52 % genes were
preferentially expressed in the 25 days after pollination (DAP) embryo
and/or 5-DAP seed. It is an intriguing observation that the locus har
bours most genes with preferential expression in the reproductive tis
sues. This observation also suggests that a single gene may not underlie
the effect of the QTL and multiple genes may be responsible for the trait
similar to the observation for a drought tolerance QTL [47,48]. How
ever, the drought tolerance QTL elucidated by Dixit et al. [47] did not
show preferential expression in any specific tissue while such an
expression pattern for a tissue/organ specific trait further supports the
veracity of the QTL we identified. Plant proteases play a specific role in
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